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1. Introduction
Zinc oxide is a II–VI group semiconductor material with a direct
bandgap of 3.37 eV (at 300 K), a large exciton binding energy
(60 meV), and a Wurtzite structure similar to GaN [1]. ZnO has
been investigated intensively due to its unique characteristics that
may enable its efficient utilization in many commercial applica-
tions such as integrated optics, antireflection coatings, liquid
crystal displays [1–5], piezoelectric [6,7], surface acoustic wave
devices [1,8], electro- and photoluminescent devices [1], chemical
and biological sensors [9,10]. More recently, zinc oxide has
attracted considerable interest as a nanostructured material for
thin film gas sensors in electronic noses [11,12], and as a
nanostructured electrode material [13]. A major advantage of
ZnO is that its properties can be readily modified and controlled by
appropriate doping either by cationic (Al, In, Ga) or anionic (F)
substitution [14], and by post-growth annealing. Investigations on
nanostructured semiconducting oxide films for nanotechnology
applications [15,16] demonstrated the potential to increase the
response of ZnO films, since their performance is directly relate
the exposed surface area, electrical and sensitivity characteris
Several techniques for synthesis from aqueous solution at
temperatures have been developed [17–27], and in particular
successive chemical solution deposition (SCSD) method [25]. It
proven to be a useful technique for growing nanostructured Z
thin films [21,22,26]. The SCSD is a simple and flexible met
which offers an easy way to dope film through a well-contro
heterogeneous reaction. It does not require high quality substr
with planar surfaces, and it can be operated at room temperat
without the need for vacuum. Growth parameters are relativ
easy to control, and stoichiometric deposition with different g
structures can be realized [25–27,9]. However, the SCSD synth
of Al-doped ZnO (AZO) films and effect of post-grown ra
photothermal processing (RPP) of nanostructured doped ZnO
not been extensively studied.
In this paper we present results on SCSD synthesis as well as
effects of Al dopants and rapid photo thermal process
temperature on structure, morphology, Raman spectra and
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A B S T R A C T
Nanostructured ZnO thin films have been deposited using a successive chemical solution deposi
method. The structural, morphological, electrical and sensing properties of the films were studied
different concentrations of Al-dopant and were analyzed as a function of rapid photothermal proces
temperatures. The films were investigated by X-ray diffraction, scanning electron microscopy, en
dispersive X-ray spectroscopy, X-ray photoelectron and micro-Raman spectroscopy. Electrical and
sensitivity measurements were conducted as well. The average grain size is 240 and 224 Å for undo
ZnO and Al-doped ZnO films, respectively. We demonstrate that rapid photothermal processing i
efficient method for improving the quality of nanostructured ZnO films. Nanostructured ZnO films do
with Al showed a higher sensitivity to carbon dioxide than undoped ZnO films. The correlations betw
material compositions, microstructures of the films and the properties of the gas sensors are discus
 2008 Elsevier Ltd. All rights reser
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tructured ZnO thin films. The combined results demonstrate
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Plexperimental
Successive chemical solution deposition (SCSD)
ndoped, as well as Al-doped ZnO thin films have been
sited on Corning glass and Si substrates by the SCSD method.
glass substrates (35 mm  50 mm  0.05 mm) were cleaned
Cl (20%) solution for 10 min and then rinsed in deionized (DI)
er (resistivity 18.2 MV cm). Subsequently the substrates were
sonically cleaned in ethanol:acetone (1:1) mixture for 5 min,
ed again in deionized water and dried in a nitrogen gas flux.
the substrates were sensitized according to [21]. After this
ocol the glass substrates showed hydrophilic properties. A
dard procedure described in Refs. [28,29] was used to clean the
on substrate surfaces. Then the substrates were immersed
ically in the solutions for SCSD growth of ZnO thin films.
he aqueous zinc-ions solution complexed with NaOH was used
he cation precursor, in which reagents of zinc sulfate
SO4)7H2O], aluminum sulfate [Al2(SO4)318H2O], and sodium
roxide [NaOH] were used. The transparent complex solution
diluted with deionized water to obtain 0.05–0.15 M zinc
entration for deposition as described previously [21,23,29].
pH value of the solution was about 10.5 in these experiments.
doping of ZnO films with Al was realized by adding the
SO4)318H2O in the aqueous solution corresponding to 0.5; 1;
or 8% Al. The complex solution of cations and DI water for
rmediate rinsing was kept at room temperature while the
er with DI water as anionic precursor was kept at 95–98 8C
ng deposition.
he successive chemical solution deposition (SCSD) is based on
adsorption and reaction of the zinc complex ions from the
ous complex solution, which is kept at room temperature. The
ersion of the wet substrate in the anions solution kept at 95–
C during deposition. Between immersions, the substrate is
ed with DI water at room temperature. In the SCSD of
structured ZnO thin films we followed four steps for a full
th cycle. As a first step the substrate was immersed in
ous zinc-complex solution for 3 s in order to adsorb several
rs of zinc complex ions on the substrate. The second step
isted of rinsing the sample in DI water for 2 s to remove loose
-complex ions to prevent homogeneous precipitation in the
tion. In the third step, the substrate was reacted with anions
DI water as anionic precursor solution at 95–98 8C for 2 s and
is formed on the interface. In the last step, the excess un-
ted species and the reaction by-product were removed by
ing the substrate in DI water for 3 s. The deposition cycles
e repeated until a desired thickness was obtained according to
previously studied growth kinetics [23,29]. Nanostructured
thin films are produced with these procedures. The as-
sited ZnO nanostructured thin films (0.9 mm thickness) were
d in air at 150 8C for 5 min. However, by increasing the
tion of the immersion procedure described above to 5 s in the
and third steps, and to >10 s in the second and fourth steps,
can realize a single ionic layer adsorption and reaction [20–
0]. In this case we synthesized high-quality thin films with
tivity of less than 1  103 V cm, though they showed
r gas sensitivity compared to SCSD films. The details of tin-
ickel-doped zinc oxide films deposited by the successive single
ionic layer adsorption and reaction (SILAR) method was reported
elsewhere [21].
In order to investigate the effect of post-deposition annealing,
films were rapid photo-thermal processed at temperatures
between 300 and 750 8C in vacuum using an IFO-6 RPP system
[28,29]. According to previous investigations, the optimum
duration and temperature of post-growth RPP processing are
20 s and 650 8C, respectively [21,23,29]. The RPP processed pure
ZnO and Al doped zinc oxide thin films samples are summarized in
Table 1.
2.2. Characterization
The surface morphology of the nanostructured films was
investigated with a VEGA TS 5130MM scanning electron
microscope (SEM) equipped with Energy Dispersion X-ray
Spectrometer (EDX). The film’s thickness was measured using
a Tencor P-10 profilometer and was confirmed by SEM cross-
section measurements. For the cross-section measurements, the
samples were cleaved and mounted in vertical position on an
SEM holder. Several films were observed to assess the thickness
measurements. The profilometer operating parameters included
a scan length of 1000 mm and a scan speed of 20 mm/s. The
composition of ZnO films was characterized by Rutherford Back
Scattering (RBS) General IONEX 1.7 MV Tandetron and EDX. The
ratio of Al and Zn in the doped film was investigated by the EDX
measurements.
The phase structure of the deposited films was studied using
Rigaku X-ray diffractometer (XRD) model ‘D/B max’ equipped with
a high-intensity Cu Ka radiation (l = 0.154178 nm) and optimized
operating conditions of 30 mA and 40 kV at a scanning rate of
0.048/s in the 2u range of 10–908.
An ultrahigh vacuum system (UHV) was used for electronic/
chemical characterization. The analysis chamber is equipped with
a hemispherical electron energy analyzer (Phoibos 100) and dual-
anode (Al Ka, 1486.6 eV and Ag La, 2984.4 eV) monochromatic X-
ray source (XR50, SPECS GmbH) for XPS. The base pressure in this
chamber is 1–2  1010 mbar. Al Ka radiation was used in our
studies.
Micro-Raman scattering experiments were performed with a
Horiba Jobin Yvon LabRam IR system at a spatial resolution of 2 mm
in a backscattering configuration. The 633 nm line of a He–Ne
laser was used for off-resonance excitation with less than 4 mW of
power at the sample. The spectral resolution was 2 cm1, and the
instrument was calibrated to the same accuracy using a naphthalene
standard.
The Al electrodes were deposited onto the surface of ZnO films
in a vacuum system. The electrical characterization was performed
using two-point probe method in the temperature range of 300–
600 K. The n-type of conductivity exhibited by zinc oxide films was
confirmed by using an Ecopia Hall effect measurement system.
To evaluate gas detection of the nanostructured ZnO films-
based sensor a measuring apparatus was assembled. It consists of a
closed quartz chamber connected to a gas flow system. The flow
rate of test gases was measured using pre-calibrated mass flow
meters. The mixed gas was flew through the chamber, in which the
nanostructured ZnO films-based sensor was placed. A computer
with suitable interface handled all controls and acquisition of data.
O. Lupan et al. / Materials Research Bulletin xxx (2008) xxx–xxx1
PP processing of ZnO samples at 650 8C for 20 s
ZnO pure ZnO:Al (0.5%) ZnO:Al(1%) ZnO:Al (2%) ZnO:Al (3%) ZnO:Al (8%)
own 0AZO 0.5AZO 1AZO 2AZO 3AZO 8AZO
RPP 0AZOa 0.5AZOa 1AZOa 2AZOa 3AZOa 8AZOa
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3.1. Morphology characterization
The important growth parameters to tune SCSD film’s
morphology are the duration of substrate immersions in chemical
solutions (from 30 to 1 s) and the number of successive dipping
steps (from 4 to 1) in aqueous solution baths. Fig. 1 shows SEM
images of the undoped and Al-doped ZnO films on glass substrate
corresponding to samples (0AZO, 0.5AZO, 3AZOa and 8AZO)
described in Table 1. For the estimation of mean nanoparticle
size of nanostructured films, we drew a line on the SEM image and
divided the length by the number of grain boundaries crossing the
line. A mean particle dimension of 400 nm was calculated for the
as-grown (sample 0AZO) and RPP ZnO films (sample 0AZOa). The
independence of the surface morphology upon RPP till 650 8C was
observed from SEM for pure and Al doped films. On the other hand,
the morphology of films was found to be influenced by doping. For
instance, Al doping in the concentration of 0.5–1.0% (samples
0.5AZO and 1AZO) reduces surface roughness and the mean
nanoparticle dimension from 400 nm (sample 0AZO) to 100 nm
(sample 0.5AZO) (see Fig. 1a and b) and allows one to obtain a more
dense film, with higher surface-to-volume ratio. The morphology
of samples 0.5AZO and 1AZO are similar. Doping with Al of ZnO
films from 1% (sample 1AZO) to 3% (sample 3AZO) lead to increase
of particle size from 100 to 200 nm following Fig. 1b and c,
respectively. Doping with Al of ZnO films from 3% (sample 3AZO) to
8% (sample 8AZO) lead to increase of particle size (Fig. 1c and d),
but also lead to the change of film structure. This behavior can
be explained in terms of segregation of Al content into the grain
boundaries. Once inside the grain boundary then become
electrically inactive, which causes the increase in resistiv
Therefore, the samples with higher concentration (>3% Al) h
not been studied further in our investigation.
3.2. Structural analysis
The XRD patterns of nanostructured ZnO films doped with 0
and 3% Al are shown in Fig. 2a and b, respectively. The influenc
RPP on the XRD pattern is also studied and presented in Fig
(curve 2) and b (curve 2). The diffraction peaks in the pattern can
indexed to hexagonal Wurtzite structured ZnO [space gro
P63mc(186); a = 0.3249 nm, c = 0.5206 nm] and diffraction res
are in agreement with JCPDS 036-1451 card for ZnO [31].
intensity of the peaks relative to the background signal dem
strates high crystalline of the ZnO hexagonal phase of the produ
grown by SCSD. The characteristic peaks of Zn(OH)2, Zn, Al,
Al2O3 were not observed. The nanocrystallites are oriented al
the c-axis, direction with the highest intensity at the [0
direction. According to obtained results, it can be observed
doping of small amount of Al in the ZnO thin films promotes c-
orientation. Moreover, for ZnO film doped above 3% Al, the c-
orientation decreases according to our results shown in Fig. 2
As one can see from Fig. 2, RPP leads to the increase of
intensity of (0 0 2) XRD peak by a factor of two in the investiga
samples (0.5AZOa and 3AZOa—after RPP). This is indicative
considerable improvement of the crystallinity as a result of RP
650 8C, 20 s. At the same time, the comparison of XRD pattern
Fig. 2a and b indicates on a considerable de-orientation of
crystal growth from the (0 0 2) direction with the increase o
doping concentration from 0.5% to 3.0% (samples 0.5AZO
3AZO, respectively).
O. Lupan et al. / Materials Research Bulletin xxx (2008) xxx–xxxFig. 1. Secondary electron micrographs of undoped and doped ZnO films onto glass substrates (corresponding to Table 1) showing the influence of doping and RPP annealing
on surface morphology: (a) undoped as-grown film (sample 0AZO); (b) as-grown 0.5% Al-doped ZnO (sample 0.5AZO); (c) 3% Al-doped after RPP 650 8C, 20 s (sample 3AZOa);
(d) as-grown 8% Al-doped (sample 8AZO). All images have the same magnification.
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Plehe texture coefficient (TC) for the (0 0 2) orientation is found to
ease from 3 to 2 with the increase of the Al concentration from










re N is the number of diffraction peaks, I(h k l) and I
0
ðh k lÞ are the
sured and corresponding recorded intensities according to the
S (036-1451) card.
nother effect of Al doping in ZnO films is the shift of the (0 0 2)
position to a low 2u value with the increase of Al doping
entration. The position of this peak is shifted from 34.308 to
08 with the increase of Al concentration from 0.5% to 3.0%. This
of the diffraction peak position indicates that films are in a
orm state of stress with tensile components parallel to c-axis
34]. The stress of the ZnO thin films was estimated employing
following formula [35,36]:




re cbulk is the strain-free lattice constant, and cfilm is the lattice
tant of the film.
ccording to XRD data, the stress value increases from
0  109 to 1.50  109 Pa with the increase of Al doping
0.5 to 3.0 at.% (samples 0.5AZO and 3AZO, respectively). The
of the ZnO films with 3% Al concentration (samples 3AZO and
3AZOa) leads to the shift of the (0 0 2) peak position to 34.308,
which means that the stress is relaxed to the value0.80  109 Pa.
The mean crystallite grain size (d) of the nanostructured ZnO





where b is the measured broadening of a diffraction line peak, full
width at half its maximum intensity (FWHM), b0 is the
instrumental broadening, K = 180/p, l is the X-rays wavelength
and u is the Bragg diffraction angle. The average grain size
determined from XRD line broadening is 240 and 224 Å for
undoped ZnO (sample 0AZO) and Al-doped ZnO films (sample
0.5AZO), respectively. The crystal sizes were nearly the same for
ZnO films before and after RPP, which is in agreement with
previous results of Al-doped ZnO [38].
The Al/Zn ratios in films were analyzed by RBS and EDX
measurement and were found a linear correlation in the
investigated range 0–3%. The Al/Zn ratios surveyed are 1/99 and
3/97 (at.%) in different scanned regions on samples (1AZO) and
(3AZO), respectively.
3.3. Chemical characterization (XPS) and Raman spectroscopy
X-ray photoelectron spectroscopy (XPS) was used to monitor
changes in the stoichiometry and oxidation state of pure and Al-
doped ZnO thin films. Fig. 3 shows XPS spectra from the C 1s (a), O
. 2. The XRD pattern of the ZnO films with Al doping concentration of (a) 0.5% Al and (b) 3% Al; before (curve 1) and after RPP at 650 8C (curve 2), respectively.
O. Lupan et al. / Materials Research Bulletin xxx (2008) xxx–xxx. XPS spectra (Al Ka = 1486.6 eV) corresponding to the (a) C 1s, (b) O 1s, and (c) Zn 2p core levels of ZnO films supported on glass and measured at room temperature. The
films had the following dopants: none (sample 0AZOa) and Al-doped (sample 1AZO). The samples RPP annealed to 650 8C for 20 s prior to the XPS measurements are
ed as ‘‘a’’.














































MRB-4148; No of Pages 71s (b), and Zn 2p (c) core level regions of ZnO films measured after
two different thermal treatments at 150 8C (sample 1AZO), and
RPP at 650 8C (sample 0AZOa). Charging effects due to the low
conductivity of the glass slides used as substrates have been
minimized by calibrating the binding energy (BE) scale using the O
1s XPS peaks of ZnO (531.2 eV) [39].
All samples show XPS peaks at 1022.5 and 1045.8 eV
(Fig. 3c), corresponding to the 2p3/2 and 2p1/2 core levels of Zn in
ZnO [40]. No differences were observed in the Zn-2p core levels of
the ZnO films upon annealing to 650 8C (sample 0AZOa).
All samples show a clear photoelectron peak at 531.2 eV,
Fig. 3b, corresponding to the O 1s core level in ZnO [39]. This BE can
be attributed to O 1s in SiO2 [41], to oxidic species located at the
surface of ZnO films (shifted +1.8 eV with respect to O 1s in bulk-
like ZnO) [42], as well as to hydroxide species [42]. Since the
thickness of the ZnO films was 0.9 mm, no XPS signal from the SiO2
substrate is expected. However, since this signal does not
completely disappear after annealing at 650 8C, we can attribute
the shoulder in our O 1s spectra to surface oxygen species on ZnO
surface.
Representative Raman spectra (RS) of the nanostructured ZnO
films are shown in Fig. 4. The dominant peaks are at 100 and
438 cm1, which are indicative of the Wurtzite structure ZnO [43],
and are attributed to the low- and high-E2 mode of non-polar
optical phonons, respectively. Fig. 4 presents the Raman spectra of
ZnO films doped with 0.5% (samples 0.5AZO and 0.5AZOa, curves 1
and 2) and 3% Al concentration (sample 3AZOa). The Raman
spectra for 0.5% Al and 1.0% Al-doped ZnO are similar. The FWHM
of the E2(low) line is about 3 cm
1 which is another indication of
the high quality of the SCSD synthesized nanocrystalline ZnO
films. As one can realize from Fig. 4 (curve 2), RPP leads to the
increase of the RS intensity suggesting the improvement of
the film crystal quality, while the increase of Al doping to 3.0%
concentration results in the decrease of the RS signal. This
observation corroborates the XRD data.
3.4. Electrical properties
The pure ZnO films have a lower stability in corrosive, humid
ambient due to large amount of oxygen (O) vacancy [44]. The
properties of such zinc oxide films are often altered by adsorption
of O2 and water. Another factor limiting the application of p
ZnO as a transparent conductive film is its thermal instability
overcome this disadvantages the properties of ZnO films
controlled by appropriate doping either by cationic (Al, In
anionic (F) substitution [14] and post-growth annealing [21]. It
been documented [45] that the resistivity varies about 5%
temperature to increase from 50 to 400 8C in air when the con
of Al in ZnO is 0.5–1.0%. The doping with Al in ZnO show
conductivity enhancement along with improved transpare
[46,47] and mechanical stability [48]. Therefore, SCSD grown Z
films have been doped with Al to improve their properties
electrical characteristics.
The electrical characterization was performed using two-p
probe method and the n-type of conductivity and resistivity va
exhibited by zinc oxide films was confirmed by Hall ef
measurement.
Fig. 5 shows the electrical resistance of the undoped and
doped ZnO thin films versus dopant concentration at ro
temperature and RPP annealing at 650 8C for 20 s. The electr
resistance decreases with Al doping as well as with ra
photothermal processing at 650 8C. The decrease of resisti
with Al-doping is due to the film crystallinity which results fr
smaller nanoparticles interconnected by local connecti
between them. The resistivity of AZO films is found to decre
with aluminum concentration up to 1.5 at.%. This can be explai
by the fact that ionic radius of aluminum (Al3+ = 0.053 nm
smaller than that of Zn (Zn2+ = 0.074 nm). So the resisti
decrease with the dopant concentration also is due to of
replacement of Zn2+, by Al3+ ions and generation of a free cha
carrier. But at concentrations of more than 3 at.% Al it will prod
disorder in the lattice and increase scattering mechanism (pro
and ionized impurity) which increase the resistivity [49,
Through the variation of the duration of maintenance in aque
solutions during the four-step SCSD process, one can improve
crystallinity and tune the properties. The electrical resista
decreases with Al doping as well as with rapid photother
processing at 650 8C. Note that this occurs simultaneously with
elimination of voids inside the pure and doped-ZnO films
increase surface-to-volume ratio, which is very important for
sensor applications. Irreversible changes in the electrical ch
acteristics have been observed when the ZnO films were subjec
to post-growth rapid photothermal processing at temperatu
higher than 300 8C for 20 s duration. In the temperature rang
550–650 8C, improvement of the crystallinity and stability of
ZnO sensor samples has been observed. The measurement
O. Lupan et al. / Materials Research Bulletin xxx (2008) xxx–xxxFig. 4. Raman spectra of a ZnO film with the Al doping concentration of 0.5% before
(curve 1) and after RPP at 650 8C (curve 2). Curve 3 is for a ZnO film with the Al
doping concentration of 3.0% after RPP at 650 8C.
Fig. 5. Electrical resistivity values versus Al dopant concentration of the different
ZnO films as-grown and after RPP at 650 8C for 20 s.
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Plecarried out throughout 1 year period and it was determined
the Al-doped ZnO-based sensor elements have higher
uctance stability, which ensures a stable zero level for gas
or applications.
Gas sensing properties
ecently, carbon dioxide (CO2) gas sensor have attracted
iderably attention for applications in greenhouse gases
Gs) monitoring. This type of sensors is also required for
ity assurance of carbon dioxide used in soft drinks, mineral
ers and beers according to The International Society of
rage Technologists (ISBT) [51]. To assess the potential for
applications we investigated SCSD nanostructured ZnO films
ensing material for a novel carbon dioxide sensor.
or characterization of gas sensing properties, the sensor
ents were placed in a 1000 cm3 temperature controlled gas
ber. A typical gas measurements sequence consisted of pre-
rmined intervals in which the sensor was exposed to gas
ospheres. After completion of one sequence the sensor and
surement cycle was repeated. The resistance response of each
or structure was transformed into a sensitivity value using





re Rgas is sensor resistance influenced by the carbon dioxide
and Rair is the sensor resistance in the air. Fig. 6 shows the
amic response of 1% Al-doped zinc oxide (sample 1AZOa) gas
or to 1000 ppm carbon dioxide measured at room tempera-
. The gas sensitive ZnO:Al films treated at 650 8C exhibit the
est linear decrease of the resistivity with the gas concentra-
. The reaction time is about 20 s for sample with 1% Al-doped
oxide gas sensor at room temperature. The relative resistivity
mes stable after 20–25 s carbon dioxide exposure. The
very time on the other hand, were restored to the 90% of
original level within 150 s suggesting a relatively longer
very time, in comparison with the response time of 20 s.
he adsorption–desorption sensing mechanism is proposed on
base of reversible chemisorption of the carbon dioxide on the
structured ZnO surface. It produces a reversible variation in
resistivity with the exchange of charges between carbon
ide and the ZnO surface leading to changes in the depletion
th [52]. Thus, one way to improve sensitivity is to increase the
ge in the surface/volume ratio [53]. It is well known that
en is adsorbed on a ZnO surface as O or O2 by capturing
electrons [54]. When Al-doped zinc oxide gas sensor is exposed to
gas, the reversible chemisorption can take place:
CO2 þ V






O is a double positive charged oxygen vacancies, e
0 is
negatively charged electron, OxO is neutral oxygen in oxygen site
according to the Kröger–Vink notation [55].
This sensitivity was found to be useful for further development
of carbon oxide sensors at room temperature for larger applica-
tions in GHGs monitoring and others.
4. Conclusion
Nanostructured ZnO and ZnO:Al thin films were synthesized by
successive chemical solution deposition and rapid photothermal
processing techniques. The advantages of this new technique
derive from the simplicity of the process, short duration, energy
save, accessible auxiliary materials, non-sophisticated equipment
and structures with high efficiency. The morphological, electrical
and sensing properties of zinc oxide films can be modified by
controlling SCSD growth regimes, doping and post-growth RPP
treatment conditions. The ZnO:Al films are nanocrystalline, but
with a preferential orientation along the c-axis. The preferential
orientation along (0 0 2) plane was enhanced with the RPP at
650 8C for 20 s and the thin films was uniform and nanostructure
sized. The average grain size determined from XRD patterns is 240
and 224 Å for ZnO and Al-doped ZnO films, respectively. RPP
improves the properties of ZnO:Al films, especially the crystal-
linity, electrical and sensing properties. The carbon dioxide
sensitivity of Al-doped ZnO was improved by increasing surface-
to-volume ratio of nanostructures.
These experimental results confirm that gas sensors based on
aluminium-doped ZnO as sensitive layer are of great interest for
gas detection. Moreover, successive chemical solution deposition
allows the production of inexpensive nanocrystalline materials in a
simple manner.
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